INTRODUCTION
Since the antinucleon-nucleon annihilation was first discovered, a number of studies of the annihilation process have been carried out.
Those studies dealt mainly with the analysis of annihilation stars at rest .
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and some with ·energies up to Tp = 150 Mev.
Some of the salient eatures o£ the· analysis of the annihilation products are:
(a) Pion production is the most prevalent product of the annihilation.
(b) The pion multiplicity is of the order of five.
(c) In about 41o of the annihilation events pairs of K mesons are produced.
• Attempts to understand this many-body process led to a number of serious difficulties. The first attempt to interpret the annihilation process was a comparison of the experimental results with those predicted by the statistical model. It was found that the predicted pion multiplicity as well as K-meson production were in disagreement with the experimental results.
When the radius of interaction was taken as a free parameterD it was possible to fit the annihilations leading to pure pion production» if this parameter was increased to a magnitude of about 2.3 pion Compton wave lengths.
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, Once this parameter was suitably adjusted to fit the mean pion multiplicity, '
experimental results such as the multiplicity distribution, the pion momentum spectra, and the distribution of angles between pairs of pions were in agree-"" ment with the model when pion charges are disregarded. However the K-meson production fell far below its predicted value. The large interaction volume needed to fit the experimental pion data still remained unexplained and is devoid of direct physical meaning. A number of modifications of the statistical model were proposed introducing dynamic processes such as .
. 6 7 strong pion-pion int'.:ractions in the form of pion-pion isobars •.
• Koba and
Takeda proposed a two-step annihilation process in ooich core annihilation with pion production precedes the release of pions from the pion clouds of 8 the nucleon,.antinucleon system. . All these models were adjusted, however, in one way or another to the observed average pion multiplicity. One must thus look at finer details in order to distinguish between the models or arrive at a new clue.
The present experiment was designed to investigate the annihilation process in greater detail at a momentum of 1.05 Bev /c corresponding to a total energy.in the center-of-mass system of W=2.1 Bev.: Our emphasis in the analysis of the data was the study of K-ineson production, angular correlation in pion production, 9 ' 10 and variation of pion and K-meson multiplicities as a function of the total available energy. In addition, we were able to obtain an independent measurement of the annihilation cross section in carbon and hydrogen at a p momentum of 1.05 Bev /c. A crude determination of the charge-exchange interaction and an order-of-magnitude estimate of the inelastic p interactions leading to pion production were also made.
...
The angular-correlation studies between pion pairs have shown a marked dependence on the charge of the pions. Namely the like-pion pairs are obse~ved to be emitted with smaller pair angles on the average than the unlike-pion pairs. This effect~ 9 as well as a model which takes into account the influence of Bose -Einstein statistics in order to explain the effects, have 10 already been discussed previously.
As has been pointed out in reference 10, if the approach consi.dered there' is correct, the radius of annihilation must be small.
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In additionc it has also been pointed out by Pais that the charge distribution of pions in annihilation events may be altered quite appreciably from the statistical model because of dynamic effects. lnspite o£ these clear indications for the inadequacy of the large-volume statistical model, we will still use it in this paper for lack of a better model.
II. EXPERIMENTAL PROCEDURE
The present work was carried out using the Berkeley 30-in. propane bubble chamber with a magnetic field of about 14.kgauss. The 1.05 Bev/c p beam was highly purified by using two ZO-ft electrostatic ve~ocity spectrometers. The physical layout of the beam was that used for a preceding KlZ experiment, with the spectrometers retuned to transmit antiprotons. In two days of running time, ZO,OOO pictures were taken which yielded about 3000 annihilation events. The c·omposition of the beam was determined by (a) a &-ray study of the beam which was normalized to a similar study of a pion beam of nearly the same momentumi and (b) a study of the mean free path for the star formation in the "me sonic component 11 of the beam. This again was compared to a similar study of a pion beam of the same momentum.
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The p component of the beam was thus detern1ined to be 38.5±7% of the entire flux. The composition of the beam was found to be P : IJ.-: w • = In the p -N annihilation there are four possible reactions leading to strange-particle production:
All four of these processes nave been observed (See Table I ° component. These restrictions make the probability of observing a pair of strange particles very low. To arrive at the fraction of annihilation stars producing strange particles. we adopted the following method.
We determined the detection efficiency for each strange particle separately and thus arrived at the total numbe:r o£ strange particles produced. Hyperons.
which are included in this sample are a manifestation of K-or K!J production.
Since strange particles must be produced in pairs in the p annihilation, the ; number of K-meson-producing stars is half of the total number of strange particles, , ..
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'UCRL-9319 Table 1 Number of annihUation events with a pair of identified strange particles.
These events were observed in a sample of 3000 p annihUation events in.propane at P-= 1.05 Bev/c. For the charged hyperons 0 we restricted ourselves only to the decay modes giving rise to a charged pion. For the E-hyperon, the correction + will thus be only due to scanning efficiency. For the E hyperon, only the + + + 0 decay mode E -11' +n was accepted in our sample since E -p + 11' could not be distinguished reliably from a proton scatter.
In Table 11 we give a summary of the number of strange particles observed and deduced. Taking all these effects into account we thus find that in 3000 annihilation stars a total of 466:t:65 strange particles were produced. These in turn correspond to Z33:t:33 stars in which a pair of strange particles occurred.
This again leads to a K-meson pair-production frequency of 8:t:l0fo for annihilation events in propane at 1.05 Bev/c. The error quoted includes the statistical error, uncertainties in determining the strange particles, and uncertainties associated with determining the detection efficiencies. The scar,ning efficiency was detertniile.d by a complete rescan of the fUm.
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IV. STRANGE-PARTICLE PRODUCTION IN pp ANNIHILATIONS
To obtain the percentage of strange particles produced in pp annihilations. we need to determine the total number o£ annihilations on free hydrogen. As a first approximation, these are given by the "hydrogenlike" events. We define as "hydrogen-like" events those events for which N" + = N"-• and no visible knock-on or evaporation protons are emitted.
To find what fraction of "hydrogen-like" events corresponds to annihilation on bound protons, we examined the annihilation events with N -= N + + 1 .
11 ' 11' considered to be annihilations on bound neutrons. From this group we can determine the frequency of annihilation events on bound nucleons with and without accompanying proton evaporatim, and bene~ their ratio. Applying an interpolated value of this ratio (which is a function of N ) to the group . 11' N,..+ = N"-with evaporation protons, we obtain the desired correction to hydrogen-like events (See Fig. 3 ). Namely, we estimate that 16% of the hydrogen-like events occur with bound proton& 9 the remaining 84% correspond to true free pp annihilations. Assuming the same s-atio to hold true for annihilation events yielding K particles, we deduce that K-partlcle production occurs in 8:1:ZI7/o of all pp annihilations. Table In gives the number of observed K mesons in hydrogen-like events and the estimated total number of K mesons produced. To arrive at the pion multiplicity associated with K-meson production,
we restricted ourselves to a sample which excludes hyperon production.
Hyperon production which principally a consequence of K absorption in. the parent nucleus would add one additional pion due to the reaction K+N-'If+Y.
Clearly a small fraction of hyperons not identified as such (neutral decay modes of A and I:+-p + ,.. 0 ) will still remain in the sample. This fraction, however~ amounts to less than 50/o of all stars producing strange particles (see Table 11 ). We find on the average 1.8 charged particles (not counting knock-on or evaporation protons) produced in assoCiation with identified K mesons. These charged particles are a mixture of pions and a small percentage of charged K mesons which were not identified as such (see Section Ill-l). Using the detection efficiencies for charged K mesons given in Table ll , we deduce that the average number of charged pions associated with K mesons, (N,..±) Kc la 1.6::t:0.3. 14 Assuming the number of neutral pions to be half of the charged ones, we arrive at an average pion multiplicity (N,..) K = Z.4::t:0.5.
The momentum spectra of the pions and neutral K mesons were computed in the center of mass of the annihilation and are shown in Fig. 4 .
To compare the experimental spectra with the statistical modelp we calculated the spectra of K and w mesons for annlhUatf.on.e with (lne 9 two 9 three~ and four pione produced lUll addition. to the K pair. These calculations used the and the increase of the K-meson production in p annihilation events with ine:teasing p energy. '\Ve thus obtain the momentum ·spedra shown in Fig. 4 •.
As can be seen~ the agreement with the experimental data is good. One must bear in mind that the experimental spectra have some momentum smear Table IV. We also calculated K-meson production and the ( N,.) K value for p annihilations in carbon, and found no significant differences from p-H · . annihilation.
We note that the statistical model leads to an increase in the 'If-meson .·multiplicity in annihilation events where K mesons are produced. At our energy, w 0 = 2.1 Bev, the predicted value of (N,.)K = 2.4 is in goodagreement ··with our experimental value of 2.4:1::0.5. Our data on (N,) K for annihilations .. at rest are statistically poor, but they are consistent with the calcUlated value.
5 The expected increase in ( N,.) K with increasing annihilation energy will have to be verified by future experiments.
A comparison of the calculated K-meson-production increase with
. the experimental data shows, however, that only in the limits of the rms · errora quoted can we get agreement with our calculation. It is clear that until we solve our fundamental difficulty in calculating the pion multiplicity · with a reasonable interaction volume, all attempts to fit K-meson production are of a very preliminary nature.
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UCRL-9319 Table IV Computed pion mulJipHcity distribution for p annihilation stars with K meson production. These values were computed on a two-volume parameter Lorentz-invariant statistical model. 
VII. ANNIHILATION STARS WITHOUT K-MESON PRODUCTION
A number of attempts have been made to explain the large pion multiplicity associated with annihilation events at rest and low energy. As mentioned in Section I, these attempts must be classified as phenomenological ·since they all adjust some of the parameters to fit the observed aver'age pion multiplicity. It was hoped that by examining the pion multiplicity as a function of the total energy aviilable to the system, some light might be shed on this intricate process.
We determined the average pion multiplicity from dirct observation of the charged pions and from electron pairs produced by the decay y rays of the neutral pions. The average mean free path for conversion was evaluated, ·t,.k'ing proper account of the.' energy dependence of y-ray conversion. Therefore, we evaluated the neutral pions for each charged-pion multiplicity separately in order to properly account for the variation of the energy spectra as a function of pion multiplicity (see Table V) . 19
We find the average pion multiplicity to be essentially the ·same for ·carbon and hydrogen events, i.e., (N'II') = 5.0:1:0.2. Details of the various contributions to the pion multiplicity are given in Table VI .
A. The Variation of Pion Multiplicity and Momentum Spectra with p Momentum
As the p momentum increases, the additional available energy 1nay
either go into the production of a larger number of pions or into an increase . of the pion momenta. The former will increase the average pion multiplicity, the latter the average pion momentum. A correct model of the annihilation process will also have to give the proper behavior for the change in pion multiplicity with p momentum. It appears to us that with a sufficient increase in p momentum this approach may shed more light on the annihilation process. The neutral·pion multiplicity for N. :1: = 0~ "hydrogen-like" events could not be determined.
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B. Two-Pion Annihilations
A search was made among the hydrogen-like events for the pure two -pion type annihilation events:
For this purpose all two-prong events that could be considered of the above type were measured (~ .
• events with associated converted y rays were not considered). No event was found to correspond to this reaction and, at most, one event could have been consistent with it. To qualify as a(3ignificant measurement, each 6utgoing pion track had to be longer than 8 em. The "one event" thus corresponds not to all "hydrogen-like}! events but rather to a smaller sample of about 500 events. Table Vll . We have not observed any examples of charge-exchange events with inelastic pion production.
We thus estimate that inelastic: p scattering in propane with charged-:p\on production occurs with a frequency of 0.4::t:0.3o/o of the annihilation process.
If we ascribe all the observed w+ production ("hydrogen-like") events to annlhUatlons with free protonsp we get an estimated upper limit for this --+ cross section ·of u(pH -+p w n) ~ O.S::t:0~3mb.
.v -25~
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The geometrical corrections increased somewhat with increasing angle:
howeverg the absence of cbarge .. exchange events at angles greater than 60 deg cannot be ascribed to geometrical effect. .The distribution 1a
thus very strongly forward·peaked. ., ...
